Unified SU(4) theory for the $R_{D^{(*)}}$ and $R_{K^{(*)}}$ anomalies by Balaji, Shyam & Schmidt, Michael A.
Unified SU(4) theory for the RD(∗) and RK(∗) anomalies
Shyam Balaji1, ∗ and Michael A. Schmidt2, †
1ARC Centre of Excellence for Particle Physics at the Terascale,
School of Physics, The University of Sydney, NSW 2006, Australia
2School of Physics, The University of New South Wales, Sydney, NSW 2052, Australia
We propose a chiral Pati-Salam theory based on the gauge group SU(4)C × SU(2)L ×
SU(2)R. The left-handed quarks and leptons are unified into a fundamental representation
of SU(4)C , while right-handed quarks and leptons have a separate treatment. The deviations
measured in the rare semileptonic decays B → D(∗)τ ν¯ are explained by a scalar leptoquark
which couples to right-handed fields and is contained in the SU(4)C × SU(2)R-breaking
scalar multiplet. The measured deviation of lepton flavor universality in the rare decays
B¯ → K¯(∗)`+`−, ` = µ, e is explained via the SU(4)C leptoquark gauge boson. The model
predicts a new sub-GeV scale sterile neutrino which participates in the anomaly and can
be searched for in upcoming neutrino experiments. The theory satisfies the current most
sensitive experimental constraints and its allowable parameter regions will be probed as more
precise measurements from the LHCb and Belle II experiments become available.
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2I. INTRODUCTION
The standard model (SM) of particle physics with the inclusion of neutrino masses describes
nature with unprecedented precision and has so far withstood all experimental tests. However,
recently several hints for a violation of lepton flavor universality (LFU) in recent measurements of
semileptonic B meson decays [1–8] have emerged. The theoretically cleanest probes are the LFU
ratios
RK(∗) =
Γ(B¯ → K¯(∗)µ+µ−)
Γ(B¯ → K¯(∗)e+e−) and RD(∗) =
Γ(B → D(∗)τ ν¯)
Γ(B → D(∗)`ν¯) , (1)
where ` is a light lepton ` = e, µ, because hadronic uncertainties cancel out in the LFU ratios [9].
Their current experimental measurements and SM predictions are summarized in Table I. While
the LFU ratios RK(∗) point to a smaller decay rate with final state muons compared to electrons
in the neutral current process b → s`+`−, the LFU ratios RD(∗) indicate an enhanced rate for
the charged current process b → cτ ν¯ compared to light charged leptons in the final state. The
significance of the anomalies in semileptonic B meson decays is at the level of 2.5σ for both RK
and RK∗ ratios, while the significance for the combined measurement of the LFU ratios RD and
RD∗ exceeds 3σ.
Observed SM q2 range
RK 0.846
+0.060
−0.054
+0.016
−0.014 [8] 1.0003± 0.0001 [10] 1 GeV2 < q2 < 6 GeV2
RK∗ 0.685
+0.113
−0.069 ± 0.047 [2] 1.00± 0.01 [11] 1.1 GeV2 < q2 < 6 GeV2
RD 0.340± 0.027± 0.013 [12] 0.299± 0.011 [13] Full
RD∗ 0.295± 0.012± 0.008 [12] 0.252± 0.003 [14] Full
TABLE I. Experimental results and standard model theory predictions for the LFU ratios RK(∗) and RD(∗) .
Statistical uncertainties are listed first and systematic uncertainties second. In the case of the LFU ratios
RK(∗) , the data are binned in the invariant mass q
2 of the final state lepton pair, in order to avoid the J/ψ
and other resonances. The relevant q2 range is indicated in the last column.
The experimental anomalies in RD and RD∗ are supported by a similar deviation in the LFU
ratio RJ/ψ = Γ(B
+
c → J/ψτ+ν)/Γ(B+c → J/ψµ+ν) which analogously points to a larger branching
fraction to tau leptons compared to muons, although still being consistent with the SM at the
2σ level due to large experimental uncertainties [15]. Also, there are deviations in the angular
observable P ′5 [16, 17] and more generally data from several measurements of b→ sµ+µ− [18] that
suggest a suppression of the decays b → sµ+µ− compared to the SM expectation, while being
consistent with the experimentally observed value of the LFU ratios RK(∗) . However, as these
other channels currently have fewer clean signals due to large hadronic uncertainties in absolute
branching ratio measurements and due to the difficulty of estimating a signal for P ′5 [17] along with
other experimental uncertainties, we instead focus on the LFU ratios introduced in Eq. (1) in the
following discussion.
The possibility that some or even all of these deviations might be a harbinger of new physics
has been entertained in the literature. In particular, several SU(4) models [19–30] have been
3proposed. Most of these models simultaneously explain the B physics anomalies via a massive
vector leptoquark W ′ ∼ (3, 1, 4/3)1, which is predicted by the breaking of SU(4)C → SU(3)C .
In particular chiral SU(4) models [29, 30, 32] are phenomenologically motivated, because they
avoid constraints from lepton-flavor-violating pseudoscalar meson decays like KL → e±µ∓, which
place stringent constraints on the SU(4)-breaking scale [33–38]. The authors of Ref. [39] find that
minimal models with a single vector leptoquark and a unitary quark-lepton mixing matrix are
generally disfavored due to strong constraints from charged lepton-flavor-violating processes.
We pursue a different approach and build on our previously suggested Pati-Salam inspired chiral
SU(4) gauge model [29], where the b→ s anomaly is explained via the vector leptoquark W ′ with
purely left-handed couplings. The explanation of RK(∗) is predictive and depends on only two
parameters, the mass of the vector leptoquark and a CKM-type mixing angle between left-handed
down-type quarks and charged leptons. One interesting feature of the model is the simultaneous
modification of both the decay to muons, b → sµ+µ−, and electrons2, b → se+e−, in opposite
directions by an equal amount. Here, we consider a simple extension of the model with a larger
gauge group SU(4)C × SU(2)L × SU(2)R which further unifies the right-handed matter fields.
This allows explanation of the RD(∗) anomalies with a new scalar leptoquark χ˜ ∼ (3, 1,−2/3)3,
which is part of the scalar breaking of the Pati-Salam gauge group to the SM gauge group. The
χ˜ leptoquark is well known as an explanation for RD(∗) [42, 43] and other hints of new physics
(see e.g. Refs. [44–48]). Here, the χ˜ leptoquark features purely right-handed couplings and thus
mediates bR → cRτRν with right-handed charged fermions, where ν is a new light sterile neutrino.
The sterile neutrino can be searched for and provides a smoking-gun signature of the explanation
of the observed measurement of RD(∗) .
The paper is structured as follows. In Sec. II we introduce the model and discuss the scalar
potential and fermion masses. New contributions to the B physics anomalies are discussed in
Sec. III and relevant constraints in Sec. IV. In Sec. V we present our results before concluding
in Sec. VI. The decomposition of the particle content in terms of SM multiplets is shown in the
appendix.
II. MODEL
We propose a model based on the gauge group SU(4)C×SU(2)L×SU(2)R and assign the particle
content such that the SU(4) leptoquark gauge boson couples to the quarks and leptons in a chiral
fashion. This naturally avoids strong constraints from charged lepton-flavor-violating leptonic
neutral meson decays such as KL → e±µ∓ and B → e±µ∓. The particle content of the model
is listed in Table II. Apart from the usual matter fields QR,L in the fundamental representation
of SU(4)C , there are three generations of right-handed triplet fermions fR and a left-handed total
singlet fermion SL. The scalar sector consists of a bidoublet φ and two fields in the fundamental
representation of SU(4)C , χ and ∆.
1 W ′ is the U1 vector leptoquark in the nomenclature of Ref. [31].
2 Modifications to electrons have been suggested in Ref. [40] and also realized in the simultaneous explanation of
both anomalies using the R2 leptoquark [41].
3 χ˜ corresponds to the conjugate of the S1 leptoquark in the nomenclature of Ref. [31].
4Fermion (SU(4)C , SU(2)L, SU(2)R) Generations Scalar (SU(4)C , SU(2)L, SU(2)R)
QL (4, 2, 1) 3 φ (1, 2, 2)
QR (4, 1, 2) 3 χ (4, 1, 2)
fR (1, 1, 3) 3 ∆ (4, 2, 3)
SL (1, 1, 1) 1
TABLE II. Particle content
The SU(4)C×SU(2)R symmetry is broken by the vacuum expectation value (VEV) of the scalar
χ at a high scale, 〈χ41〉 ≡ w & 20 TeV, where the first (second) index refers to the fundamental
representation of SU(4)C (SU(2)R). Electroweak symmetry is broken by the scalar φ with v ≡√|v12|2 + |v21|2 ' (2√2GF )−1/2 ' 174 GeV where v12 ≡ 〈φ12〉 and v21 ≡ 〈φ21〉 refer to the VEVs
in the (I3L, I3R) = (
1
2 ,−12) and (I3L, I3R) = (−12 , 12) components. The combination of the VEVs
of χ and φ induces small VEVs for ∆, 〈∆41(12)〉 = u1 and 〈∆42(11)〉 = u2. The first index refers to
the fundamental representation of SU(4)C , the second refers to the fundamental representation of
SU(2)L and the last two in round brackets are two indices in the fundamental representation of
SU(2)R which are symmetrized as indicated by the round brackets, T(ab) =
1
2(Tab +Tba). Thus the
following symmetry-breaking pattern emerges |u1|2 + |u2|2  |v12|2 + |v21|2  |w|2
SU(4)C × SU(2)L × SU(2)R
↓ 〈χ〉
SU(3)× SU(2)L × U(1)Y
↓ 〈φ〉 , 〈∆〉
SU(3)× U(1)Q
(2)
Here weak hypercharge Y and electric charge Q are related to the generators in SU(4)C×SU(2)L×
SU(2)R by Y = T + 2I3R and Q =
T
2 + I3L + I3R = I3L + Y/2, respectively. If we use the gauge
symmetry to rotate the VEV of χ to the fourth component, then T is the diagonal traceless SU(4)
generator with elements (13 ,
1
3 ,
1
3 ,−1).
A. Yukawa sector
Given the particle content in Table II the full Yukawa Lagrangian is given by
L =Y1Q¯iaL φaβ(QR)iγεβγ + Y2Q¯iaL φ˜aβ(QR)iγεβγ − Y3Q¯iαR χiαSL + Y4Q¯iαR χiβ(f cR)(αγ)εβγ (3)
+ Y5Q¯
ia
L∆ia(αβ)(fR)(γδ)ε
αγεβδ +
1
2
m(f¯ cR)
(αβ)(fR)(αβ) −
1
2
mSS
T
L CˆSL + h.c. ,
where flavor indices are suppressed, but indices for the gauge groups are explicitly shown.4 The
Yukawa couplings are matrices in flavor space; rows (columns) are labeled by the first (second)
4 Lower indices refer to the fundamental representation and upper indices refer to the antifundamental representation.
Fields ψ with lower indices transform as ψi → (Uψ)i ≡ U ji ψj .
5fermion in the fermion bilinear. Indices in fundamental representation of SU(4)C are labeled by
roman letters i, j, . . . , indices in the fundamental representation of SU(2)L are labeled by greek
letters α, β, . . . and indices in the fundamental representation of SU(2)R are labeled by roman
letters a, b, . . . . In the above expression we used the charge-conjugate fields φ˜αa = αβabφ
∗βb and
(f cR)αβ = αα′ββ′Cˆγ
0f∗α
′β′
R with Cˆ = iγ
2γ0. From the Yukawa Lagrangian (3) we obtain the
Lagrangian of the quark masses
L = −u¯LmuuR − d¯LmddR + h.c. (4)
with the quark mass matrices
mu = Y1v12 + Y2v
∗
21 md = −Y1v21 − Y2v∗12 . (5)
The charged and neutral lepton mass matrices can be written in the basis
L = −1
2
N T CˆMν,NN −
(E¯LMe,EER + h.c.) EL ≡ (eL
EL
)
ER ≡
(
eR
ER
)
N ≡

νL
νcR
NcR
SL
 (6)
with the mass matrices
Me,E =
(
−Y5u2 md
−m −Y †4 w∗
)
Mν,N =

0 m∗u
√
2Y ∗5 u∗1 0
. 0 −Y4w√
2
Y3w
. . −m∗ 0
. . . mS
 (7)
A viable mass spectrum for the charged leptons is obtained for md,m Y4w. More precisely, we
take the eigenvalues of m to be less than ' 1 GeV and the eigenvalues of Y4w to be larger than
' 1 TeV. In this case the new charged fermions EL,R decouple and their masses are determined
by ME ≈ −Y †4 w∗, while the light charged lepton masses are determined by Me ≈ −Y5u2. The
contribution from mixing with EL,R can be neglected because of the assumed relative sizes of m, md
and Y4w. In the basis of a diagonal Y5 the SM charged lepton mass eigenstates are approximately
given by the weak interaction eigenstates. We thus denote them by eL,R. Neutrino mass eigenstates
are labeled by ni. Hence in this basis the leptonic mixing matrix is determined by the neutrino
mass matrix up to subpercent-level corrections from mixing with the heavy charged leptons.
The neutrino oscillation data and the existence of a fourth light sterile neutrino with m4 . 1GeV
requires u1  u2 and Y4w, Y3w  m,mS to be satisfied. For the remainder of this work we focus
exclusively on the limit u1 → 0 in order to recover the experimentally observed active neutrino mass
spectrum and the leptonic mixing angles. In this limit, three pseudo-Dirac pairs obtain masses of
order Y3,4w and decouple from four light neutrinos. A minimal phenomenologically viable texture
for the neutrino mass matrix is given by
Y3 =
 00
y3
 Y4 =
Yue 0 00 0 Ycτ
0 Ytµ 0
 . (8)
6The large off-diagonal entries Ycτ and Ytµ are required for the b → c anomalies. The entries of
the Majorana mass matrices m and mS have to be small . 1 GeV in order to kinematically allow
RD(∗) from the relevant b→ cτn4 process.
B. Scalar potential
In this model, the masses of the charged leptons arise from the VEV of the ∆ scalar, while the
masses of the quarks result from the VEVs of the bidoublet φ. In such a situation, consistent Higgs
phenomenology requires a decoupling limit where the LHC Higgs-like scalar is identified with the
lightest neutral scalar in the model. The decoupling limit works analogously to the one shown
in Refs. [29, 49] and thus, we do not repeat the whole discussion, but instead focus only on the
pertinent differences in the following.
In order to achieve the desired symmetry-breaking pattern, we first neglect the scalar ∆ and
focus on the scalars χ and φ. In this case the possible invariants which enter the scalar potential
are
I1 = χ
∗iαχiα − w2 I2 = χiαχjβχkγχlδijkl(αβγδ + αγδβ + αδβγ) + h.c.
J1 = φ
∗aβφaβ − (|v12|2 + |v21|2) J2 = 1
4
(φaαφbβ
abαβ + h.c.) + Re(v12v21) (9)
K1 =
(
χ∗iαχiβ − w2
) (
φaαφ
∗aβ − |v21|2
)
J3 =
1
4i
(φaαφbβ
abαβ − h.c.) + Im(v12v21) ,
where we have subtracted the VEVs from each invariant such that the invariants vanish in the
vacuum. The VEV of χ can always be chosen to be real by using a suitable global SU(4)C×SU(2)R
rotation. The terms I1, J1 and K1 respect an accidental U(1)χ×U(1)φ symmetry. U(1)χ is broken
by I2 and U(1)φ is broken by J2,3. The invariants I1, J1 and K1 are non-negative, while the others
may become negative and thus terms involving these have to be sufficiently small to ensure vacuum
stability. As the discussion of the B physics anomalies is mostly independent to the exact form of
the scalar potential, we only comment on how to obtain the correct vacuum structure. The scalar
potential in terms of invariants is given by
V (χ, φ) = λ1I
2
1 + λ2I2 +
1
2
3∑
i=1
i∑
j=1
λijJiJj +
3∑
i=1
λ′iI1Ji + λ
′
4K1 . (10)
The coefficients λ′i parametrize interactions between the χ and φ fields. Most of the scalar potential
is invariant under a larger symmetry group SU(4)C × SU(2)L × SU(2)R,χ × SU(2)R,φ with two
separate SU(2)R symmetries for each of the two scalars χ and φ. It is only broken to the diagonal
subgroup by the last term λ′4K1. The couplings in the scalar potential can be chosen real due to the
invariants in Eq. (9) being Hermitian. We also restrict ourselves to real VEVs. This potential allows
the VEV hierarchy w  v21  v12 = 0 to emerge, which leads to the correct quark mass spectrum
with Y2 = mu/v
∗
21 and Y1 = −md/v21 as mentioned in the previous section. The scalar doublet in
the bidoublet which does not obtain a VEV induces flavor changing neutral currents [50–53] which
poses a lower bound on its mass scale of O(20) TeV [54].
7There are many terms in the scalar potential which couple the scalar field ∆ to other scalar
fields. However most of them are not relevant for the induced VEVs of ∆. The most important
term is linear in ∆
V (∆, φ, χ) = m123 (∆
∗ia(αβ) φaα χiβ + h.c.) =
√
2m123 v21w h3 + . . . , (11)
where we have absorbed the phase of m123 by rephasing ∆ and defined the electrically neutral
scalar h3 ≡
√
2Re(∆42(11)). In order to calculate the induced VEV of the scalar ∆ it is sufficient
to consider terms quadratic in h3, because the induced VEV is much smaller compared to all other
scales. Thus we obtain
u2 ≡ 〈Re(∆42(11))〉 =
〈h3〉√
2
= −m123 v21w
m2h3
, (12)
where mh3 is the mass of h3. In the limit w
2  v221 the observed Higgs boson h is a linear
combination of h1 ≡
√
2Re(φ21) and h3
h = cosβ h1 + sinβ h3 . (13)
The mixing arises from the term in Eq. (11) and indirectly from terms quadratic in ∆ and φ, after
∆ obtains a VEV u2. Generally the mixing angle is given by sinβ ∼ m123w/m2h3 = u2/v21 and
thus the Higgs h features SM-like couplings, as discussed in Refs. [29, 49].
III. NEW CONTRIBUTIONS TO SEMILEPTONIC B DECAYS
In Ref. [29], we showed that the experimentally observed values of RK and RK∗ can be explained
via the exchange of the massive leptoquark gauge boson W ′ in SU(4)C . There has been a recent
measurement of RK by the LHCb experiment [8] (see Table I) and the LHCb experiment also
published a new stronger limit [55] on the branching ratio of the semileptonic charged lepton flavor
violating decay B → Ke±µ∓: BR(B+ → K+µ−e+) < 7.0 × 10−9 and BR(B+ → K+µ+e−) <
6.4 × 10−9 at 90% C.L. Hence we briefly summarize the relevant definitions in Sec. III A and
update the analysis with the latest measurements in Sec. IV.
The aforementioned vector leptoquark W ′ cannot explain the measurement of RD and RD∗ due
to its chiral couplings. This model also features several scalar leptoquarks which also contribute to
RD(∗) : (i) The scalar ∆ contains two leptoquarks ∆iα11 and ∆iα(12), denoted by R2 and R˜2 in the
nomenclature of Ref. [31]. However these two leptoquarks have chiral couplings and either couple
to charged leptons or neutrinos, but not both simultaneously. Although their electric charge 2/3
components mix and thus in general contribute to RD(∗) , their contribution is suppressed due to
the small mixing and thus cannot account for the observed deviation in RD(∗) . (ii) The scalar χ also
contains a leptoquark χ˜i = χi2 ∼ (3, 1,−2/3). We discuss its contributions to RD(∗) in Sec. III B.
A. Neutral current process: b→ s``
We briefly outline the most important points from the study in Ref. [29] and refer the interested
reader to the publication for further details. The relevant SU(4) gauge interactions with the
8fermions are given by
L = gs√
2
KijW
′
µd¯iγ
µPL`j +
gs√
2
K∗jiW
′∗
µ
¯`
iγ
µPLdj (14)
where gs is the SU(4)C gauge coupling constant and K is the mixing matrix between left-handed
charged leptons and down-type quarks as shown in Ref. [29]. As quantum chromodynamics SU(3)C
is embedded in SU(4)C , the coupling gs is directly defined by the strong gauge coupling. Here we
have defined ` to include the three charged SM leptons and the three heavy exotic charged lepton
mass eigenstates, i.e. ` = e, E.
After integrating out the heavy W ′ mediator with mass mW ′ there are new contributions to the
Wilson coefficients of b→ s``′,
Csb``
′
9 = −Csb``
′
10 =
√
2pi2αs
VtsV ∗tbαem
Ks`′K
∗
b`
GFm2W ′
. (15)
In the above αs = g
2
s(mW ′)/4pi is the running strong coupling constant and αem = 1/127.9 denotes
the fine-structure constant evaluated at the electroweak scale. Kij are the elements of a CKM-type
quark-lepton mixing matrix. The Wilson coefficients are defined by the effective Lagrangian
Leff = 4GF√
2
αem
4pi
∑
`,`′
VtsV
∗
tb
∑
i=9,10
Csb``
′
i O
sb``′
i + h.c. , (16)
where Oi denotes operators with a strange and bottom quark and two charged leptons
Osb``
′
9 = (s¯γµPLb)(
¯`γµ`′) Osb``
′
10 = (s¯γµPLb)(
¯`γµγ5`
′) . (17)
In order to explain the RK(∗) anomalies and to avoid stringent constraints from the lepton-flavor-
violating KL → e±µ∓ decays among others, a particular off-diagonal structure of the CKM-type
quark-lepton mixing K matrix is suggested. Considering only the first three columns of the general
K matrix, i.e. the part relevant to quark-SM lepton interactions, we adopt the limiting case 5
K =
 0 0 1cos θ sin θ 0
− sin θ cos θ 0
 . (18)
B. Charged current process: b→ cτ ν¯
The leptoquark χ˜ couples to both charged leptons and neutrinos
L = −Y3d¯Rχ˜SL − Y4u¯Rχ˜ecR −
Y4√
2
d¯Rχ˜(N
c
R) + h.c. (19)
Starting from this interaction Lagrangian we derive the Wilson coefficients. The neutrino mass
eigenstate n4 mixes with the flavor eigenstates (N
c
R)β = UNβ4n4+. . . and SL = US4n4+. . . where U
5 In general (Kij) is a 3× 6 matrix which satisfies the unitarity condition KK† = 13×3, where 13×3 is the 3× 3 unit
matrix.
9denotes the matrix diagonalizing the neutral fermion mass matrix UTMν,NU = diag(m1, . . . ,m10).
The masses of the neutrino mass eigenstates ni are denoted mi, i = 1, . . . , 10, where m1,2,3 denotes
the masses of the three active neutrinos, m4 is the mass of the fourth mass eigenstate n4 and
m5,...,10 labels the masses of the mostly heavy sterile neutrinos. We work in the basis where
the right-handed charged leptons and the right-handed up-type quarks are given by their mass
eigenstates. Then the relevant part of the interaction Lagrangian for χ˜ reads
L = − (Yd4d¯′Rn4 + Y4u¯′Re′cR) χ˜+ h.c. (20)
with Yd4 = (Rd)
∗
αd
[
(Y3)αUS4 +
(Y4)αβ√
2
UNβ4
]
, where Rd relates the weak interaction eigenstates
dR = Rdd
′
R with the mass eigenstate d
′
R. In the following we use Rd = 1 and drop the primes
from the mass eigenstates. Integrating out scalar χ˜ results in
L = Yb4Y
∗
cτ
4m2χ˜
(Ocbτ4V R +Ocbτ4AR ) (21)
among other operators. The effective vector Ocb`νV R and axial-vector Ocb`νAR operators for a lepton `
and right-handed neutrino ν are defined according to Ref. [56] as
Ocb`νV R = (c¯γµb)(¯`γµPRν) Ocb`νAR = (c¯γµγ5b)(¯`γµPRν) (22)
and enter the effective Lagrangian
Leff = 2GFVcb√
2
(
Ccb`νV R Ocb`νV R + Ccb`νAR Ocb`νAR
)
, (23)
We may then simply compute the relevant Wilson coefficients required to compute RD(∗) which
are given by
Ccbτ4V R = C
cbτ4
AR =
1
4
√
2VcbGFm
2
χ˜
(
y3US4 +
Ytµ√
2
UNµ4
)
Y ∗cτ , (24)
where we expressed Yb4 in terms of the entries of the minimal Yukawa matrix structure defined in
Eq. (8) and the matrix elements of U .
Considering the aforementioned limit where Yuew, Ycτw, Ytµw  mt,m∗,mS , we may compute
the mixing angles US4 and UNα4 for the fourth neutrino state n4
US4 =
1√
1 + 2| y3Ytµ |2
UNe4 = 0 UNµ4 =
√
2y3
Ytµ
1√
1 + 2| y3Ytµ |2
UNτ4 = 0 (25)
to leading order. So we note that with the selected Yukawa structure, the neutrino that participates
in the RD(∗) anomalies is dominantly a mixture of the singlet SL and the second state Nµ in N
c
R.
Substituting the above mixing angles into (24) results in
Ccbτ4V R = C
cbτ4
AR ≈
1
2
√
2VcbGFm
2
χ˜
y3Y
∗
cτ√
1 + 2| y3Ytµ |2
. (26)
10
As the decay rates are summed over all polarizations and spins, the expressions for the LFU
ratios should be invariant after replacing all Wilson coefficients for left-handed currents by right-
handed ones and vice versa [57]. Hence, we may use the literature result for left-handed neutrinos
[56] and map them directly to right-handed neutrinos since there is no interference between left-
and right-handed operators. The resulting 1σ (90%C.L.) bounds on RD(∗) from Table I can be
directly converted to constraints on the right-handed neutrino current Wilson coefficient
− 0.33(−0.37) ≤ Ccbτ4V R ≤ −0.25(−0.19) . (27)
IV. CONSTRAINTS
Several measurements already place constraints on the favored parameter region. In particular
Z boson decays to charged leptons, semihadronic B-meson decays, and collider constraints for the
leptoquark, cosmological, astrophysical and direct search constraints on the sterile neutrino n4.
A. Z decay constraints
The new leptoquark χ˜ modifies the Z decay width to muons at one-loop level due to the
presence of a large Yukawa coupling Ytµ. Contributions to other leptonic decays of the Z boson are
generally small in this model. As the leptoquark χ˜ only couples to right-handed charged leptons,
its contribution can be parametrized by
L = g
cos θw
[
sin2 θw + δgµ,R
]
µ¯RZµγ
µµR (28)
following Ref. [58], where g is the SU(2)L gauge coupling and θw the weak mixing angle. For
mt  mχ˜ the contribution of the leptoquark χ˜ can simply be written as
δgµ,R = 3
|Ytµ|2
32pi2
xt(1 + log xt) (29)
to leading order, where xt = m
2
t /m
2
χ˜. The current best experimental bound from precision
electroweak physics comes from the LEP experiments [59]. We demand that the Z-boson cou-
pling to muons is not changed by more than the experimental uncertainty at (1σ) [90% C.L.],
i.e. |δgµ,R| < δgexpµ,R = (1.3)[2.1]× 10−3, and thus we obtain the constraint
|Ytµ| ≤ 4pi
√
2δgexpµR√
3xt (1 + log xt)
. (30)
B. B → Kνν¯
Another constraint comes from B → Kνν¯ which is modified by the leptoquark χ˜. It is described
by effective operators of the form [60]
L = 2
√
2GFVtbV
∗
ts
αem
4pi
∑
X=L,R
Cν,X s¯γµPXbν¯(1− γ5)ν . (31)
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Integrating out χ˜ as before we obtain
L = (
√
2y3US4 + YtµUNµ4)
∗YcτUNτ4
4m2χ˜
(s¯γµPRb)(n¯4γµPLn4) . (32)
As |UNτ4|  1 we find that the new physics contribution CNPν,R is very small compared to the SM
contribution CSMν,R = −6.38±0.06 and thus B → Kνν¯ does not provide any competitive constraint.
Similarly, new contributions from the exchange of χ˜ to B → piνν¯ and K → piνν¯ decay rates are
very suppressed due to the assumed Yukawa coupling structure.
C. Collider constraints
There currently does not exist a plethora of dedicated searches at colliders for the leptoquark
χ˜ since the chosen Yukawa texture by construction couples only second-generation quarks with
third-generation leptons and vice versa. The most common LHC searches are for single generation
leptoquarks [61–66]. The searches are commonly separated into single leptoquark and pair pro-
duction. The latter is generally independent of the absolute magnitude of the leptoquark Yukawa
coupling, because the leptoquarks are produced via strong interactions in a hadron collider, unless
the Yukawa couplings are large and substantially contribute to the leptoquark production, while
single leptoquark production depends on the Yukawa coupling.
The model parameter space can be most economically constrained by searches with τc or µt
final states. The χ˜ particle can also decay into bν due to the coupling y3 being nonzero, but
searches for final states with missing transverse energy are typically less sensitive. For the chosen
mass range of the scalar leptoquark χ˜ imposing the constraints from searches with third-generation
scalar leptoquarks decaying into a tau lepton and a b quark such as the analysis in Ref. [62] does
not pose any additional constraint on the parameter space over the Z decay constraint, although
the sensitivity on the quark is markedly improved due to b tagging of the final state jets. However,
a mixed 1-3 generation leptoquark search with final states µt analogous to the third-generation
search in Ref. [67] could strengthen the limits on the Ytµ coupling significantly in the future. Of
course more complicated Yukawa textures for Y3 and Y4 (particularly the diagonal entries), can be
chosen and constrained with the aforementioned single generations searches, however we do not
consider these more complicated parametrizations in this work for the sake of brevity.
Finally there are constraints from the single τ -lepton + MET searches. The authors of Ref. [68]
reinterpreted the searches for a heavy charged gauge boson from sequential SM (SSM) resonance
searches of the ATLAS [69] and CMS [70] experiments as constraints on models explaining RD(∗) .
In particular, the leptoquark χ˜ with purely right-handed couplings has been studied and the study
finds that leptoquark masses above 2 TeV are excluded at more than 2σ. At face value this
constrains the leptoquark mχ˜ to be lighter than 2 TeV. As the study was based on an older best
fit to the RD(∗) anomalies further away from the SM, the current constraint for heavy charged
gauge bosons from SSM resonance searches is relaxed and heavier masses are allowed. However,
the precise value of the current constraint requires a new study. In the following results discussion,
we thus consider leptoquark masses up to 3 TeV and caution the reader that the SSM resonance
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search poses a constraint on the heaviest allowable leptoquark masses according to the study shown
in Ref. [68].
D. Constraints on the sterile neutrino
The sterile neutrino n4 as defined would be produced in the early Universe. The dominant decay
modes are n4 → ναff¯ with f = νβ, e−, µ− for masses m4 ≤ 1 GeV. These decays are mediated by
the Z boson and thus the decay rate depends quadratically on the να − n4 mixing matrix element
|Uα4|2. In the limit of vanishing final state lepton masses, the decay rate of n4 → ναf¯f is given by
[71–73]
Γ(n4 → ναf¯f) = G
2
Fm
5
4
96pi3
|Uα4|2 . (33)
For 2mµ ≥ m4  2me the lifetime is given
τ = Γ(n4 → νf¯f)−1 = 96pi
3
4G2Fm
5
4
∑
α |Uα4|2
' 0.04s
(
100MeV
m4
)5( 10−5∑
α |Uα4|2
)
. (34)
Big bang nucleosynthesis (BBN) poses a constraint on the lifetime of n4, since the abundances
of the light elements agree well with the standard cosmological model. Thus in order to avoid
any changes to the standard BBN, the sterile neutrino n4 has to decay and its decay products
thermalize, before BBN. If the lifetime of n4 is shorter than τ < 0.1s, this condition can be
satisfied as it has been shown in Refs. [74, 75]. This translates into a bound
m4 & 87 MeV
(
10−5∑
α |Uα4|2
)1/5
. (35)
Similarly, sterile neutrinos can be produced in supernovae. The arguments of Ref. [74] imply
that the duration of the SN 1987A neutrino burst excludes mixing angles 3× 10−8 < sin2 2θ < 0.1
for sterile neutrinos m4 . 100 MeV.
Finally, sterile neutrinos can be searched for at terrestrial experiments. In particular the fixed-
target experiments NOMAD [76] and CHARM [77] placed limits on the mixing angle of sterile
neutrinos with τ neutrinos, which further constrains the allowed parameter space, as discussed in
Sec. V.
Together this puts a lower bound on the sterile neutrino mass of m4 ≥ 100MeV.
V. RESULTS
As the explanations for the RK(∗) and RD(∗) anomalies are mostly independent, we first discuss
the explanation of RK(∗) , which sets the scale of the SU(4)C×SU(2)L×SU(2)R symmetry breaking.
As a second step, we present the favored region for the anomalies RD(∗) , before finally discussing
its predictions for the sterile neutrino n4 in the process b→ cτn4.
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FIG. 1. The favored parameter regions compatible with the current experimental limits from B+ →
K+µ−e+, B+ → K+e−µ+. Shown are the 1σ (blue) and 90% confidence level (red) bands suggested
by the measured RK and RK∗ ratios.
A. RK(∗)
We follow our previous analysis [29] and identify the favored region of parameter space for
the model using the flavio package [78] and tree-level analytical estimations where appropriate.
The 1σ (90% C.L.) favored parameter region is defined by the values of the vector leptoquark
mass mW ′ and the quark-SM lepton mixing angle θ [see Eq. (18) for its definition] which satisfy
RK = 0.846
+0.062
−0.056 (RK = 0.846
+0.102
−0.091), RK∗ = 0.685
+0.122
−0.083 (RK∗ = 0.685
+0.201
−0.137) and also satisfy the
current 90% C.L. experimental limits BR(B+ → K+µ−e+) < 7×10−9 and BR(B+ → K+e−µ+) <
6.4 × 10−9 [79]. Other processes currently do not constrain the parameter region as we discussed
in Ref. [29].
Figure 1 shows the favored region of parameter space in the mW ′ leptoquark mass versus the
θ mixing angle plane. Compared to Ref. [29] the mass of W ′ is larger, because the experimentally
observed value of RK has since moved closer to the SM prediction with smaller error bars and
therefore the 1σ region is smaller. The favored range of θ is approximately between [−pi2 , 0] or [pi2 , pi]
and mW ′ between [20, 31] TeV. The identical nature of the two adjacent regions can be understood
from the invariance of the relevant branching ratios under the transformation θ → θ + pi. The
constraints from B → Ke±µ∓ lead to the wedge-shape form at the bottom of each favored region.
Figure 2 shows the predicted range for the branching ratios of the lepton-flavor-violating rare
decays B+ → K+µ−e+ and B+ → K+e−µ+ processes. The two processes probe different ranges
of θ values and are thus complementary: While B+ → K+µ−e+ is sensitive to sin2 θ ≈ 1, B+ →
K+µ+e− is sensitive to cos2 θ ≈ 1. LHCb is expected to further improve its sensitivity and to
probe the two branching ratios of B+ → K+e±µ∓ at the level of 10−9 [80].
In addition to further improvements to B+ → K+µ±e∓ this leptoquark contributes to lepton-
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FIG. 2. Expectation for BR(B+ → K+µ−e+) (left) and BR(B+ → K+e−µ+) (right) for the favored
parameter region identified in Figure 1. The black dashed lines correspond to the current experimental 90%
confidence-level upper bounds on these branching fractions.
flavor-violating rare tau lepton decays such as τ → Ks`, ` = e, µ and the leptonic Bs decays
Bs → `−`′+, `, `′ = e, µ as shown in Ref. [29]. However, the additional contributions are below the
current experimental sensitivity and thus we do not show these predictions for the sake of brevity
and refer the interested reader to Ref. [29] for further details.
B. RD(∗)
Using Eq. (26) along with the 1σ and 90% C.L. RD(∗) constraints on the Wilson coefficient
Ccbτ4V R we may derive the allowable parameter region for the model which satisfies the anomalies.
We restrict ourselves to placing bounds on the 1σ and 90% C.L. RD(∗) region. Choosing the
minimal Yukawa texture described in Sec. II A for Y3 and Y4 constrains the parameter region in
Ycτ , Ytµ, y3 and mχ˜ space.
We limit Yue ' 0.1 for our parameter scans to ensure that the lightest flavor exotic charged
lepton E mass is larger than ' 1 TeV for scales larger than w ' 10 TeV, and this coupling does not
affect the neutrino states S and Nµ that participate in the anomaly and is therefore not important
in constraining the model’s allowable region. The Yukawa couplings of interest must also satisfy
perturbativity requirements such that 0 ≤ Ycτ ≤ 4pi, 0 ≤ Ytµ ≤ 4pi while −4pi ≤ y3 ≤ 0 in order
to obtain Wilson coefficient Ccbτ4V R with the correct sign. The VEV w = 26.7 TeV was chosen for
our parameter scans as this is a favored central value for the mW ′ ' 23 TeV gauge boson mass
scale which explains the RK(∗) anomalies. This fixes the lightest exotic vectorlike lepton mass to
Yuew ' 2.7 TeV which easily evades the LEP constraints for heavy charged leptons [79].
We also set mS = 2mµ as this acts as an upper bound on the fourth neutrino mass participating
in b→ cτν. This value is chosen because it ensures that the sterile neutrino n4 decays before BBN.
The analytical approximation for the mixing angles US4 and UNµ4 in Eq. (25) and subsequently
Eq. (26) is respected as well as ensuring that the new neutrino mass is light enough that it does
not introduce too much phase space suppression in the decay b → cτn4. Consequently in our
parameter scan we find the fourth neutrino mass to be lighter than the 2mµ, but heavier than
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100 MeV after imposing all constraints, which ensures that it is still significantly heavier than the
active neutrinos but sufficiently lighter than the B meson. The parameter ranges of the relevant
new physics parameters detailed above are summarized in Table III for convenience.
Parameter Value
u1 0
v12 0
u22 + v
2
21 1/(2
√
2GF ) ' (174GeV)2
w 26.7 TeV
mχ˜ [0.8, 3] TeV
mS 2mµ
y3 [−4pi, 0]
Yue, Ycτ , Ytµ 0.1, [0, 4pi], [0, 4pi]
TABLE III. Parameter ranges for the new physics model parameters used in the numerical scans.
We also ensure that the leptonic mixing parameters and the neutrino mass squared differences
satisfy the 3σ ranges from the latest global fit by the NuFIT collaboration [81]: 0.275 ≤ sin2 θ12 ≤
0.350, 0.427 ≤ sin2 θ23 ≤ 0.609, 0.02046 ≤ sin2 θ13 ≤ 0.02440 and the solar and atmospheric
mass squared differences 6.79 ≤ ∆m221
10−5eV 2 ≤ 8.01, 2.432 ≤
∆m23`
10−3eV 2 ≤ 2.618. We also impose the
3σ unitarity deviation bound derived from |2ηαβ| as shown in Ref. [82] on |UU †|. The allowed
regions are then constrained by the combination of Yukawa coupling ranges in conjunction with
the Z → µµ constraint in Eq. (30) and the Ccbτ4V R constraint in Eq. (26), which can be easily plotted
analytically along with the perturbative boundaries.
Figure 3 shows the viable parameter ranges for the Yukawa couplings Ycτ , Ytµ, and y3 as a
function of the leptoquark mass mχ˜. We find that for small Ytµ we require large Ycτ and vice
versa which is what we expect from inspecting Eq. (26). It should be noted that more complicated
Yukawa textures for Y4 and Y3 are indeed permissible as mentioned earlier. But our selection is
motivated by maintaining simplicity and reducing the number of free parameters in the theory. If
the RD(∗) anomalies persist and new stronger constraints become available reducing the parameter
space of this chosen texture, other more elaborate ones can indeed be explored.
C. Prediction for neutrino mixing and mass of n4
We may additionally predict the mixing of the fourth neutrino mass eigenstate n4 with the
active neutrinos. In our numerical scan we find that the mixing matrix elements Ue4 and Uµ4 are
negligibly small, |Ue4|2 . 10−11 and |Uµ4|2 . 10−10, due to y3 being the only nonzero element
in the chosen texture for Y3. In Figure 4 we show the allowable region of parameter space as a
function of |Uτ4|2 vs the sterile neutrino mass m4. The BBN constraint from Eq. (35) results in a
lower bound on the mixing matrix element |Uτ4|2 as a function of the sterile neutrino mass. The
duration of the neutrino burst of SN 1987A imposes a lower bound on the sterile neutrino mass
m4 ≥ 100 MeV and thus we only show sterile neutrino masses heavier than 100 MeV.
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FIG. 3. The top two panels show the allowable RD(∗) 1σ (blue) and 90% confidence level (red) parameter
regions for the Yukawa couplings Ycτ (top left) and Ytµ (top right). The parameter region is displayed
over the 0.8 ≤ mχ˜ ≤ 3 TeV range, which is of immediate interest in current and future TeV scale collider
searches. The Yukawa couplings are also restricted to be ≤ 4pi to remain in the perturbative regime. The
Z → µµ 1σ and 90% confidence new physics coupling correction δgµR constraints also enforce an important
upper cutoff on Ytµ as seen in the right-hand side allowable regions. In the lower panels we show density
plots which are a result of our numerical scan with the additional BBN constraint shown in Eq. (35) and the
SN 1987A [74, 75] and CHARM [77] neutrino mixing constraints, where y3 is a function of mχ˜, Ycτ (bottom
left) and Ytµ (bottom right). The region contained within the inner and outer black boundaries corresponds
to the 1σ and 90% confidence level regions respectively. Note that the sharp edges and color discontinuities
are due to limitations in numerical sampling and not physical effects.
In this study, we focus on light sterile neutrino masses satisfying m4 ≤ 2mµ, because the contri-
bution to RD(∗) is phase space suppressed for a heavy sterile neutrino n4. Indeed larger neutrino
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FIG. 4. Prediction for the mixing between the fourth neutrino mass eigenstate n4 participating in the RD(∗)
anomalies with the dominant active neutrino flavor τ as a function of its mass m4. The blue and red regions
correspond to the 1σ and 90% confidence level regions respectively while the bottom black shaded region
corresponds to the BBN exclusion bound shown in Eq. (35) and the top bound shown in gray comes from
the CHARM experiment. The lines show projected upper bounds for the NA62 (black), FASER 2 (dashed
black), CODEX-b (thick dashed black) and SHiP (thick black) experiments from top to bottom respectively.
masses could still be kinematically accessible and interesting to study in the light of the MiniBooNE
excess as proposed in Ref. [83]. However we do not analyze such cases in this work. There are
additional constraints coming from the NOMAD [76] and CHARM [77] fixed-target experiments,
the stronger of which comes from the CHARM experiment which we also show in Fig. 4. It is
also of interest to compare the projected experimental sensitivities for n4, i.e. a sterile neutrino
which almost exclusively mixes with ντ , with proposals of future experiments including NA62 [84],
FASER [85], CODEX-b [86] and SHiP [87]. The contours have been extracted from Ref. [88]. We
note that the SHiP contour only starts at around m4 ' 191 MeV coinciding with the mass splitting
between the D±s meson mother and tau lepton daughter.
VI. CONCLUSION
We have proposed a chiral Pati-Salam theory with gauge group SU(4)C × SU(2)L × SU(2)R
which is capable of explaining the RD(∗) anomalies with new scalar leptoquarks and the RK∗
anomalies via SU(4) gauge boson leptoquarks. The model is consistent with experimental con-
straints, including the fermion mass spectrum, modifications to leptonic Z-boson decays via the
new scalar leptoquark, B → Kνν¯ as well as the best available LHC constraints for single and
pair production searches of leptoquarks at the LHC and other new particles. New physics coming
from the gauge sector via a spectrum of colored leptoquarks with charge 23e also satisfies the best
available constraints from lepton number violating searches such as B+ → K+µ∓e±. These gauge
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bosons couple in a chiral manner to the familiar quarks and leptons and interfere with standard
model weak processes.
Both the scalar and massive vector leptoquarks originate from one scalar multiplet χ which
breaks the Pati-Salam group to the SM group, SU(4)C × SU(2)R → SU(3)C × U(1)Y , at a scale
of 〈χ41〉 ≡ w & 20 TeV. As already discussed in Ref. [29] the explanation of the b → s`` anoma-
lies originates from an equal and opposite tree-level correction to muons and electrons and thus
can be tested at the LHCb and Belle II experiments by measuring both lepton flavor-conserving
and lepton flavor-violating processes b → s``′ and similarly Bs → ``′, when increased statistics
become available. The RD(∗) anomalies can be explained using a simple Yukawa texture with only
three free parameters, although more complex Yukawa structures are also feasible. There is an
intricate relation between the lepton mass spectrum, particularly neutrino mass spectrum, and the
RD(∗) anomalies. One of the striking signatures is a light sterile neutrino with dominant mixing
with tau neutrinos. We constrain the model parameter space using the strong bounds on active-
sterile neutrino mixing from big bang nucleosynthesis in conjunction with the supernova SN 1987A
and CHARM experiments. Additionally, we make predictions for the sterile neutrino properties
which can be probed in future searches such as the proposed NA62, FASER, CODEX-b and SHiP
experiments.
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Appendix A: Embedding of SM particle representations
In the following we list how the different SM and exotic fields are embedded in the SU(4)C ×
SU(2)L × SU(2)R multiplets. The fermions are decomposed as follows in terms of SM fields:
qLiα ≡ QLiα ∼ (3, 2, 1
3
) LLα ≡ QL4α ∼ (1, 2,−1) (A1)
uRi ≡ QRi1 ∼ (3, 1, 2
3
) dRi ≡ QRi2 ∼ (3, 1,−1
3
) (A2)
νR ≡ QR41 ∼ (1, 1, 0) ER ≡ QR42 ∼ (1, 1,−2)
EcL ≡ fR11 ∼ (1, 1, 2)
NR√
2
≡ fR(12) ∼ (1, 1, 0) eR ≡ fR22 ∼ (1, 1,−2) . (A3)
Note that due to the convention T(ab) =
1
2(Tab + Tba) there is a factor
√
2 in the definition of
NR =
√
2fR to obtain the correct field normalization of NR. The scalars can be decomposed in
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terms of SM fields as follows:
χ41 ∼ (1, 1, 0) χ42 ∼ (1, 1,−2) (A4)
χi1 ∼ (3, 1, 4
3
) S∗1 = χ˜ ≡ χi2 ∼ (3, 1,−
2
3
)
H˜1α ≡ φα1 ∼ (1, 2, 1) H2α ≡ φα2 ∼ (1, 2,−1) (A5)
R2 = ∆iα11 ∼ (3, 2, 7
3
) R˜2 = ∆iα(12) ∼ (3, 2,
1
3
) ∆iα22 ∼ (3, 2,−5
3
) (A6)
H3α = ∆4α11 ∼ (1, 2, 1) H4α = ∆4α(12) ∼ (1, 2,−1) ∆4α22 ∼ (1, 2,−3) . (A7)
Thus there are in total four electroweak doublet scalars with hypercharge ±1, one electroweak
doublet scalar with hypercharge −3, three leptoquarks and another exotic colored scalar which
does not couple to quarks and leptons at the renormalizable level.
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